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Fig. 1 Schematic representation of the phase diagram previously

derived at H = 0 for a filament length N = 100 and a magnetic dipole

strength µµµ2 = 5 in the absence of an external magnetic field 44. The

parameter η , defined in eq. 7, measures the relative strength of the

non-magnetic and the magnetic interactions for two monomers in close

contact. In the plane H = 0, the label OC stands for the open chain state

region, RL depicts the region of closed ring-like states, PC corresponds

to partially collapsed states, HS stands for compact closed helicoidal

structures, and CS marks the region where compact globule structures

were found to exist. An explanation of the vertical planes is provided in

the main text.

ergy and the thermal fluctuations, the type of the cross-linking

bond, and the short range isotropic interactions among the par-

ticles in the chain. The first parameter was actively studied in

various analytical and simulation works37–41,43. The influence

of the type of the crosslinking bond on the magnetic correlations

within the chain was also analysed42,43. Finally, the existence of

a short range attraction among the magnetic particles was thor-

oughly investigated by Cerdà et al.44, where the authors obtained

the structural phase diagram included in Figure 1 as a horizontal

zero external field plane (H = 0). In this phase diagram, filament

conformations are presented as a function of two dimensionless

control parameters: the ratio of the isotropic attraction energy

to the magnetic one, η , and T , which denotes the dimensionless

temperature in the system. More details on how the reduced units

are defined in the present study can be found in the next section.

Several unusual conformations were unveiled while calculating

the H = 0 part of the diagram in Figure 1, like closed helicoidal

and partially collapsed states, in addition to the already known

open chains and ring-like structures. Some of these conforma-

tional phases were observed to coexist in two “triple-points”44.

In this work, we add an extra control parameter to the afore-

mentioned phase diagram by studying in detail the influence of

the external magnetic field on the equilibrium configurations of

a magnetic filament at different points of the η −T parameter’s

space. The two coloured planes and the purple line in Figure

1 indicate the different regions for H > 0 that are discussed in

this work in order to exemplify our findings: the plane η = 0

corresponds to the case of non-sticky filaments, and the plane

T = 0.5 corresponds to a selected sample of Stockmayer filaments

at low temperatures and moderate fields. The purple arrow indi-

cates that for (T = 0.5,η = 0.2) systems have been sampled up to

H = 5 in order to understand how compact globules behave when

a strong magnetic field is applied.

The manuscript is organised in the following way. In the next

section, the numerical model and the details of the simulations

are described. The main findings are provided in section 3 and

are split into two subsections: non-sticky and sticky filaments,

respectively. Finally, the summary of our main results is provided

in section 4.

2 Numerical Model

We study filaments composed by N ferromagnetic particles, rep-

resented as beads permanently linked by an elastic bonding po-

tential. All particles have the same diameter σe. Henceforth, the

subindex e for any dimensional quantity denotes an experimen-

tal value, whereas the absence of such a subindex means that the

quantity is expressed in reduced units. The latter are very conve-

nient to ease the transferability of the simulation results. Thus,

all lengths in this study are expressed in units of the monomer di-

ameter, i.e. l = le/σe, so that the reduced diameter of the filament

bead is σ = 1. In experiments, the size of the nanoparticle usually

does not exceed 50 nm. All short range isotropic interactions in

the present model are of Lennard-Jones (LJ) type:

ULJ(re;εe,σe) = 4εe[(σe/re)
12 − (σe/re)

6], (1)

where the prefactor εe stands for the characteristic energy scale of

the isotropic short-range interactions in the system. We take this

prefactor as the unit of energy, so that any other energy Ue will be

expressed in reduced units as U = Ue/εe. In particular, to mimic

the impenetrability of sterically stabilised magnetic nanoparticles,

we chose the simplest form of the Weeks-Chandler-Andersen po-

tential,45 which is a LJ potential truncated and shifted in order to

make it purely repulsive:

UWCA(r) =

{

4[r−12 − r−6 +1/4], for r < 21/6

0, for r ≥ 21/6 , (2)

where r is the reduced distance between the centres of the parti-

cles i and j, i.e. r = |rrri − rrr j|.

A point dipole µµµe is assigned to each bead, and located in its

centre. The dipole is fixed within the particle body, so that its

rotation is impossible without the rotation of the whole bead.

The modulus of the magnetic moments in the reduced units is

calculated from the following relation: µ2 = µ2
e /(σ

3
e εe), where

|µ2|= µ. There are two types of magnetic interactions in the sys-

tem. The first one is the magnetic dipole-dipole interaction:

Udip(rrri j,µµµ i,µµµ j) =
µµµ i ·µµµ j

r3
−

3[µµµ i · rrri j][µµµ j · rrri j]

r5
, (3)

where rrri j = rrri − rrr j is the displacement vector between particles

i and j. Reasonable values of µ = |µµµ| depend in general on the

composition and size of the nanoparticles, but in usual ferrofluids

typically do not exceed values of µ2
e /(kTeσ3

e )∼ 10. Here, Te is the

actual temperature of the sample and k is the Boltzmann constant.

In our model, we use the reduced temperature T = kTe/εe. The
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Fig. 2 Schematic representation of the bond-dipole coupling model.

Dipole moments are depicted as arrows. The crosslinking do not only

constrain the interparticle distance but also the relative orientation of the

dipoles. The anchoring points for each colloid are given by ±(σ/2)ûuu

where ûuu = µµµ/µ and the centre of the colloids is taken as the origin. The

interacting potential is given in eq. 5.

other magnetic interaction considered in this study stems from

the presence of an external magnetic field HHHe. Its orientation

will be kept fixed along the z-direction, so that in reduced units

HHH = (0,0,H), where H = He

√

σ3
e /(εe). Therefore, the Zeeman

energy can be written as:

UH(HHH,{µµµ i}) =−
N

∑
i=0

HHH ·µµµ i =−H
N

∑
i=0

µzi
. (4)

In order to connect the colloids to form a permanent chain,

a linking model in which springs between consecutive particles

are anchored at fixed points on their surface has been imple-

mented.42,44 In this model, as shown in Figure 2, the rotation of

the dipole moments away from the filament backbone is penalised

by the mechanical stretching of the springs. Therefore, head-

to-tail conformations of the dipoles in the chain are favoured

not only by the dipole-dipole interaction, but also by the perma-

nent links. This approach closely corresponds to the experimental

way of crosslinking ferromagnetic colloids by means of polymer

molecules that are end-grafted to the surface of neighbour par-

ticles in the chain15,46,47. The spring potential corresponding to

this type of elastic bond is:

UB(rrri,rrr j, ûuui, ûuu j) =
1

2
KS

(

rrri − rrr j − (ûuui + ûuu j)
σ

2

)2
, (5)

where rrri and rrr j are the position vectors of the centres of the

beads. ûuui and ûuu j are unitary vectors placed along the direction

that joins the two anchoring surface points of each bead (see Fig-

ure 2). Thus, the anchoring points are collinear and located at

lll′i = ûuuiσ/2 and llli =−ûuuiσ/2 with respect to the centre of the bead.

All links in the chain are assumed to be formed according to the

following scheme: the point on the surface of the i− 1 particle

with position rrri−1 + lll′i−1 is linked to the point on the surface of

the particle i with position rrri + llli. In order to penalise those con-

formations with consecutive dipoles in anti-parallel configuration,

each vector director ûuui is associated with the magnetic moment of

the particle, µµµ i, i.e. ûuui = µµµ i/|µµµ i|. The constant of the potential

is set to Ks = 30, which results in the average bond length being

within a range rbond ∈ [0.98, 1.1].

Along with steric repulsion, we allow the possibility of a cen-

tral attraction between filament beads to mimic the effects of

poor solvents (Stockmayer polymers, often referred as “sticky

chains”). This interaction is also modelled as a truncated and

shifted Lennard-Jones potential (1) with a cutoff rcut = 2.5:

US(r;ε) =

{

ULJ(r;ε,1)−ULJ(2.5;ε,1), for r < 2.5

0, for r ≥ 2.5
. (6)

This potential exhibits a typical shallow well of depth ε = εS/εe,

where εS is the experimental value of the central interparticle

attraction. Even though this potential has a repulsive part at small

distances, the strength of this repulsion is much smaller than that

provided at the same distance by the UWCA(r) from eq. 2. For

fair comparison of the sticky and non sticky filaments, however,

it is essential to provide a similar repulsive interaction at short

range, that is why we choose to use either UWCA for non-sticky

case, or the sum US +UWCA otherwise. The parameter ε enters

the definition of the dimensionless parameter η used to represent

the phase diagram in Figure 1:

η ≡
εσ3

µ2
. (7)

This expression characterises the relative strength of the attrac-

tive LJ interaction with respect to the strength of the largest mag-

netic interaction between two particles: close contact, ri j =σ , and

dipoles oriented in a nose-tail conformation. Two dipoles i and j

are said to be in a nose-tail conformation when µµµ i ·µµµ j = µ2, and

µµµ i · rrri j = µµµ j · rrri j = ±µ ri j. The nose-tail alignment is the confor-

mation that minimises the magnetic energy in eq.(3).

The numerical simulations are performed using Langevin dy-

namics. In this approach, the colloidal particles are moved ac-

cording to the translational and rotational Langevin equations of

motion that, for a given particle i, are48:

Mi
dvi

dt
= FFF i −ΓT vvvi +ξξξ

T
i (8)

IIIi ·
dωωω i

dt
= τττ i −ΓRωωω i +ξξξ

R
i (9)

where FFF i, and τττ i are respectively the total force and torque acting

on the particle i. The magnetic component of the torque, τττ
(mag)
i ,

can be computed as

τττ
(mag)
i =−µµµ i ×∇µµµ i

(Udip +UH). (10)

Mi and IIIi are the mass and the inertia tensor of the colloid, and

ΓT and ΓR are the translational and rotational friction constants.

ξξξ
T
i and ξξξ

R
i are Gaussian random forces and torques, each of zero

mean value and satisfying the usual fluctuation-dissipation rela-

tions

〈ξ T
iα (t)ξ

T
jβ (t

′)〉 = 2kT ΓT δi jδαβ δ (t − t ′), (11)

〈ξ R
iα (t)ξ

R
jβ (t

′)〉 = 2kT ΓRδi jδαβ δ (t − t ′), (12)

where α and β denote x, y, z for translation and rotation in Carte-

sian coordinates. Equations of motion 8 and 9 are a reasonable

approach as far as the size of particles is such that sedimentation

forces are negligible. In the simulations, t = te
√

εe/(meσ2
e ), where
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me is the real mass of the colloids; F = Feσe/εe, and τ = τe/εe. For

equilibrium simulations, the values of the mass, the inertia tensor,

as well as friction constants ΓT , and ΓR are irrelevant because the

same equilibrium state is reached independently of their value.

Only the dynamics to attain such equilibrium state may show dif-

ferences. For simplicity, the particle mass is chosen to be m = 1

and the inertia tensor is chosen to be the identity matrix in or-

der to ensure isotropic rotations III = 1. It has been also chosen

ΓT = 1 and ΓR = 3/4 because these values have been observed to

produce a conveniently fast relaxation to equilibrium49,50. The

reduced time step is set to δ t = 5 · 10−4 in order to ensure a cor-

rect integration of the equations of motion.

Simulations are performed as follows: the magnetic chain

is randomly placed in an open three-dimensional non-bounded

space and it is pre-equilibrated at T = 1 for 2 ·105 integrations with

the magnetic interaction turned off while the time step is slowly

increased from 10−3δ t to 0.05δ t. Right after, magnetic interac-

tions are turned on, and the second pre-equilibration stage, con-

sisting of 5 ·105 integrations, is performed while gradually raising

the time step from 10−4δ t to δ t. Magnetic interactions are cal-

culated by direct summation over all pairs of particles. In spite

of being algorithmically O(N2), for small numbers of colloids this

is the fastest and the most accurate way to compute magneto-

static energy in open boundary conditions. Subsequently, if the

final temperature of the system is T < 1, an annealing process

using the final time step δ t is performed: the temperature is re-

duced from T = 1 down to its final value by performing a set of

five annealing cycles of 5 ·105 steps each. Once the final temper-

ature has been reached, the chain is equilibrated for a period of

2 · 106 e1/T δ t in order to ensure that the chain has reached the

thermodynamic equilibrium regime. After the equilibration pe-

riod, the system is sampled at intervals of 104 e1/T δ t for another

period of 6 ·106 e1/T δ t so that correlations between sampled con-

figurations are negligible. To make sure that the results do not

depend on the initial conditions and to improve statistics, we ad-

ditionally average each set of sampled parameters (T,ε,µ,H) over

15 independent runs. The simulations have been performed using

the package ESPResSo51.

3 Results and discussion

As a starting point we will consider the conformational phase

diagram for H = 0, N = 100 and µ2 = 5 represented in Figure

1. Several well defined conformational phases exist in different

regions of the η − T space: open and closed (ring-like) chains,

partially collapsed and helicoidal closed chains, as well as com-

pact disordered globules. The regions corresponding to values of

η > 0.2 or T < 0.25 (see, Figure 1) are characterised by structures

whose effective sampling demands for special simulation meth-

ods48,52–55. In those cases a simple Langevin dynamics approach

cannot provide reliable results with reasonable computational re-

sources. Therefore, in the present study, we will exclusively anal-

yse the region of η ≤ 0.2 and T > 0.2. Since the lowest explored

T is rather high, we do not expect to observe directly any ac-

tual 2D56 or 3D57 ground state structures formed by dipolar hard

spheres.

A first insight into the structural changes experienced by mag-

netic filaments in the bulk can be obtained by measuring the

radius of gyration, Rg, and the end-to-end distance, Ree, of the

magnetic chains. Ree is defined as the distance between the cen-

tres of the two end-beads, and its average value is calculated as

Ree = 〈|rrr1 − rrrN |〉 where 〈...〉 denotes an average over all the sam-

pled conformations of the chain. The averaged radius of gyration

is computed as Rg =
√

〈R2
g〉=

√

λ 2
1 +λ 2

2 +λ 2
3 , where λ 2

1 > λ 2
2 > λ 2

3

are the three eigenvalues or principal moments of the gyration

tensor, a 3×3 matrix whose elements are defined as

Rα,β =
1

2N2

〈

N

∑
i, j=1

(ri,α − r j,α )(ri,β − r j,β )

〉

, (13)

where α and β denotes the Cartesian components x, y, and z.

Simulations show that the behaviour of a filament depends

strongly whether the monomers are sticky (Stockmayer, η > 0)

or non-sticky (pure soft-core, η = 0). Therefore it is advisable to

study both cases separately: section 3.1 will be devoted to the

study of non-sticky filaments, while section 3.2 will deal with the

case of Stockmayer (sticky) chains.

3.1 Non-sticky magnetic filaments (η = 0)

The behaviour of Ree and Rg for non-sticky chains is shown in Fig-

ure 3. At H = 0 our results are in agreement with previous find-

ings41,44. In the high temperature limit (T > 1.5) chains behave

as self-avoiding random coils. It is possible to identify different

regimes as the temperature is lowered from T = 1.5 to T = 0.2.

An initial increase of the averaged values of Ree and Rg is ob-

served due to an improved nose-tail alignment of the dipoles as-

sociated to a diminution of dipole fluctuations. A further lower-

ing of the temperature leads to a contraction of the chain. This

contraction is due to the transformation of the open structures

into closed ring-like conformations. The subsequent expansion

observed in the Rg at lower temperatures is related to the ten-

dency of those closed structures to approach the shape of an ideal

two-dimensional ring in the limit T → 0.

For H > 0, Figure 3 points out the existence of a field thresh-

old (solid red line) above which the results are clearly different

from the zero-field case, specially at low temperatures. The role

of the external field can be better understood through the evalu-

ation of the probabilities PRg
(x) and PRee

(x) of finding the filament

in a conformation having a value x for Rg and Ree, respectively.

Figure 4(a) depicts the probability density function (pdf) of the

radius of gyration fRg
(x) = P(x < Rg < x+dx), and the Figure 4(b)

shows the cumulative distribution function for the end-to-end ob-

servable FRee
(x) = P(Ree < x).

At zero-field, H = 0, the pdfs fRg
(x), in all the range of tem-

peratures studied, are single peaked functions. The results for

T ≤ 0.7 correspond to closed-structures, whereas open chain con-

figurations are found for T > 0.7. This result is evidenced in the

cumulative distribution function FRee
(x) in which FRee

(x & 1) ≈ 1

for T ≤ 0.7 and FRee
(x ≈ 1) → 0 for T > 0.7. For increasing val-

ues of the field, H ≥ 0.02, a bimodal probability distribution is

found in fRg
(x). A second peak emerges at larger values of Rg, for

the T ≤ 0.7 curves, corresponding to open-straightened chains.
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Fig. 3 (a) Normalised average end-to-end distance, Ree/N as a function

of the temperature, T . (b) Normalised average radius of gyration,

Rg/Rg,max vs. T . Results are for non-sticky (η = 0) filaments with a length

N = 100 that have a maximum gyration radius (ideal rod)

Rg,max = 28.866σ . The dipole interaction strength is set to µµµ2 = 5. The

case of non-magnetic chains (thick solid black line) is included for the

sake of comparison. Error bars for µµµ2 = 5 series are plotted with a

confidence interval of 95%. In the case of non-magnetic chains, µµµ2 = 0,

error bars are roughly of the order of the line thickness and have been

skipped.
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Fig. 4 (a) Probability density function of the radius of gyration fRg (x) for

a chain of length N = 100 and µµµ2 = 5, as a function of the temperature T

and for different values of the external magnetic field H. (b) Cumulative

distribution function for the end-to-end distance FRee (x) for the same

system. Note that for H = 0 and H = 0.2, the data for T = 1.5 is not

included in the plots.
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Therefore, it should be concluded that the presence of an exter-

nal field promotes the emergence of a bistable region in which it

is possible to observe how a magnetic filament fluctuates between

two different conformations: open-stretched and ring-like struc-

tures. In this regime FRee
(x ≈ 1) < 1 and its value diminishes for

increasing values of H. At values of H large enough, the bistabil-

ity is lost in favour of the open configurations in which the chain

stretches along the field. This is the case for T = 0.7 at H = 0.2

(green line in Figure 4).

The rational behind the bistability promoted by the external

field can be easily understood. At zero field and low tempera-

tures the free energy difference between open and closed chain

conformations is very large, and the equilibrium between both

kinds of structures is completely biased in favour of the formation

of ring-like conformations. Instead, when the field is present, the

Zeeman contribution to the free energy of open chains drastically

reduces the free energy difference to the point where a reversible

equilibria between both types of states can be observed for mod-

erate values of the field. As the strength of the field is increased,

the equilibrium will progressively bias in favour of the formation

of open-stretched structures.

The complete T − H phase diagram for non-sticky chains is

shown in Figure 5. A chain is assumed to be in a closed con-

formation if it fulfils the condition |rrr1 − rrrN | < 3. This definition

is justified since PRee
(x) depicts two well differentiated peaks in

the bistable region: a narrow one centred around x ≈ 1 and an-

other one centred at values of x > 10, with a a large difference

between them (see Figure 4(b)). A more restrictive definition

would result in an overestimate of the open chains due to ther-

mal fluctuations. In order to determine the bistability region we

have measured the probability of finding a chain in an open state,

Po(Γ), in the point Γ ≡ (H,T,η = 0,µµµ2 = 5,N = 100). Γ is assumed

to be in the bistable region if Po ∈ [0.1,0.9]. It has been observed

that reasonable variations of the threshold values do not change

noticeably the results. The inset in Figure 5 zooms the region

of small fields where the closed (ring-like) phase exists. At low

fields the bistable region is very narrow, but as the external field

increases the fluctuation region expands noticeably. The solid red

line shows the boundary for the closed (ring-like) phase that ex-

hibits a non-trivial behaviour.

3.2 Stockmayer filaments (η > 0.0)

In order to investigate the effect of the external magnetic field on

Stockmayer filaments, we have selected the plane corresponding

to T = 0.5 (see Figure 1). Several equilibrium conformations are

observed depending on the values of (H,η): open chains, closed

ring-like structures, helix and compact globules. Representative

examples of this conformations are illustrated in Figure 6. This

figure also shows in addition how for a same set of parametres

(η = 0.05, H = 0.05, T = 0.5) several types of conformations can

be found to coexist in the case of sticky chains. Such multistability

can be analysed through the evaluation of the pdf of the radius

of gyration fRg
(x). The results for H = 0.05 and selected values of

the stickiness η are shown in Figure 7. Note the existence of well

defined peaks that can be associated to each observed structure. A

0 0,2 0,4 0,6 0,8 1 1,2 1,4

T

0

0,2

0,4

0,6

0,8

1

H

0,2 0,4 0,6 0,8 1 1,2

T

0

0,005

0,01

0,015

0,02

0,025

H

U
N

E
X

P
L

O
R

E
D

 R
E

G
IO

N

BISTABLE
     ZONE

 OPEN
CHAIN

CLOSED
 CHAIN

BISTABLE
     ZONE

 OPEN
CHAIN

CLOSED
 CHAIN

N=100

µ
2
=5

η=0

Fig. 5 T −H phase diagram for non-sticky magnetic filaments. Closed

structures are defined according to the criterion |rrr1 − rrrN |< 3. Bistable

regions are defined by Po ∈ [0.1,0.9] (see main text). The inset zooms

the region of low temperatures and low field strengths.

first peak centred at Rg ≈ 20 corresponds to open chains. A second

peak located at Rg ≈ 10 is related to a closed ring-like states. The

last ones at Rg ≈ 5 and Rg ≈ 3 are associated to closed helices and

compact globules, respectively.

The areas associated to each peak are directly related to the

weight of each type of conformation in the multistate equilibrium

and, therefore, it is possible to draw from them the probabili-

ties of observing a Stockmayer filament in a certain position of

the phase space Po(Γ), with Γ ≡ (H,T = 0.5,η ,µµµ2 = 5,N = 100).

The results are presented in Figure 8. It can be clearly observed

how an increase of H promotes the emergence of bistable and

multistable regions. For small values of the stickiness parame-

ter (η . 0.05), filaments that at zero-field adopt stable ring-like

states, in the presence of a field fluctuate between ring-like and

open (almost rod-like) conformations. At intermediate values

(0.05 . η . 0.09), from the stable closed helicoidal state observed

at zero-field, new structures emerge and coexist with it in the

presence of an external field, such as, compact globules and, if

the field is strong enough (H & 0.05), open and closed ring-like

conformations. For η & 0.09, only compact globules are found

within the range of H studied. The behaviour of the system for

much larger values of H, in which open straightened chains are

expected to be recovered, is presented below.

The overall message is that the equilibrium conformations of

Stockmayer magnetic filaments and the coexistence of different

phases are highly sensitive to small variations of the quality of

the solvent (related to η) and the strength of the external field.

As a consequence, structural properties, such as the average end-

to-end distance, Ree, and radius of gyration, Rg, can be modu-

lated by tuning the values of η and H. The results are shown in

Figure 9. From the picture it is possible to identify a threshold

value of η(H) that characterises the transition from large to small

values Rg corresponding to swollen or crumpled structures. The

selection of one or another will strongly influence the rheological
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external field H. The rest of parameters are set to N = 100, µµµ2 = 5 and

T = 0.5.
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Error bars are plotted with a confidence interval of 95%.
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Fig. 10 Magnetic Stockmayer filament under the influence of strong

magnetic fields. As a function of H several observables have been

monitored: the normalised averaged end-to-end distance, Ree/N, and

radius of gyration, Rg/N; the probability of finding open structures, Po,

and the rescaled specific heat, CV . The rest of parameters are those of

Figure 11.

increases until it reaches its maximum value Po = 1. CV and Rg

are barely affected, and a moderate increase in Ree is observed.

Partially collapsed conformations are similar to those found at

H = 0 at intermediate temperatures (see Figure 1). Finally, for

1.5 . H . 3 there is a sharp expansion of the chain until it be-

comes fully unwrapped (see Figures 11(c-d)).

4 Conclusions

In this work it has been inferred, via extensive Langevin numeri-

cal simulations, how an external magnetic field modifies the con-

formational phase diagram of magnetic filaments in the limit of

infinite dilution.

First, for a filament placed in a good solvent (stickiness set to

η = 0) the phase diagram in the (H,T ) plane has been investi-

gated. At H = 0 we recovered previous results in which closed

ring-like structures, at a reduced temperature T . 0.8, and open

chains for T & 1 are found44. A small coexistence region is lim-

ited to 0.8 . T . 1. For H > 0 we have been able to identify a

threshold field value (HC ≈ 0.02) beyond which the results are

clearly different from the zero-field case. Closed structures are

limited to a non trivial region H < HC and T . 0.8. For H > HC a

large bistable region emerges in which the magnetic filament fluc-

tuates between open and closed conformations, see Figure 5. As

expected, the transition line between the bistable region and the

open chains one is displaced towards smaller temperatures as H

increases. These results are fully supported by the analysis of the

radius of gyration probability density, fRg
(x), and the end-to-end

distance cumulative distribution functions FRee
(x). Similar results

have been observed by Danilov et al.58 in the case of ferrofluids

in the limit T → 0 where a two-fold state is found.

On the other hand, filaments in poor solvents (η > 0) exhibit a

far more intricate scenario. Several equilibrium conformations,

including open chains, closed structures, helices and compact

globules, are observed depending on the values of (H,η) in ei-
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24 A. Cēbers, Curr Opin Colloid Interface Sci, 2005, 10, 167–175.
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2009, 42, 235206.

28 A. Snezhko, M. Belkin, I. S. Aranson and W.-K. Kwok, Phys.

Rev. Lett., 2009, 102, 118103.

29 K. I. Morozov and A. M. Leshansky, Nanoscale, 2014, 6,

12142âĂŞ12150.
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